Quantifying the relative contributions of climate variability and human activity to streamflow change is important for effective water resource use and management. Four sub-catchments of the Wei River Basin (WRB) in the Loess Plateau in China were selected as the study region, where the evolution of parameter α from the latest Budyko equation (Wang-Tang equation) was explored using an 11-year moving window. The elasticity of streamflow was derived from the climatic aridity index, represented by the ratio of annual potential evaporation (E P ) to annual precipitation (P), and catchment characteristics as represented by α. The effects of climate change and human activities on streamflow change during 1971-2010 were quantified with climate elasticity and decomposition methods. The contributions of different types of human activities to streamflow were further empirically determined using the water and soil conservation method. Results indicate that (1) under the same climate condition (P and E P ), a higher value of α caused an increase in evaporation rate (E/P) and a decrease in runoff. Changes in these hydrological variables led to a subsequent reduction in streamflow in the WRB; (2) The absolute value of the precipitation elasticity was larger than the potential evaporation elasticity, indicating that streamflow change was more sensitive to precipitation; (3) The results based on the two methods were consistent. Climate change and human activities contributed to the decrease in streamflow by 29% and 71%, respectively, suggesting that human activities have exerted more profound impacts on streamflow in the study region; (4) Contributions of different water and soil conservation measures to streamflow reduction were calculated and sorted in descending order: Irrigation, industrial and domestic
Introduction
Climate change and human activities have been altering hydrological cycles over the past few decades [1] [2] [3] . As a critical component of the hydrological cycle, streamflow is experiencing a downward trend due to climate warming and increasing water consumption driven by rapid growth of population and economy in many regions. The decreasing trend is expected to continue [4] [5] [6] [7] [8] . Climate variability includes changes in precipitation, temperature, and other climatic variables, which together determine the streamflow [8, 9] . Precipitation directly affects streamflow through precipitation patterns, intensity, and spatial distribution, whereas the effect of temperature is mainly manifested through altering the evapotranspiration and snowmelt [10] . According to the IPCC (Intergovernmental and commercial base in Northwestern China. Water scarcity in the WRB has limited its socioeconomic development and has endangered the health of the natural ecosystem. In light of the importance of ensuring water security, further quantification of the relative contributions of climate change and human activities to the decreasing runoff is needed. Zhan et al. [47] employed an improved climate elasticity method to evaluate the contributions of natural climate change and human activities to streamflow decline in the WRB, and found that 71-78% of the streamflow reduction was attributable to human activities, whereas the remaining 22-29% was induced by climate variation. However, the statistical methods and the hydrological models applied to the Loess Plateau in previous studies did not represent physical processes or had limitations in model calibration/validation and parameter estimation due to the large amount of input required. Despite these limitations, the existing studies showed that human activities have played a crucial role in streamflow decrease. However, the relative contributions of different water and soil conservation measures (e.g., afforestation, grass-planting, level terrace, and check-dam) to streamflow decline have not been explored in depth.
In this study, the climatic elasticity and decomposition methods based on the Wang-Tang equation with time-varying parameters were chosen to quantify the impacts of climate change and human activities on streamflow change in the WRB in the Loess Plateau during 1960-2010. The purposes of this paper were to: (1) Identify the breakpoints of streamflow, with a focus on the possible causes behind the abrupt changes; (2) reveal the relationship between elasticity of streamflow, the climatic aridity index, and the 11-year moving window Budyko parameter; and (3) to investigate the fractional contributions of climate change and human activities to streamflow changes, and discuss the impacts of human activities in detail.
Study Area and Data

Overview of the Wei River Basin
The Wei River Basin (WRB), located between 103.5 and 110.5 • E and 33.5 and 37.5 • N was selected as the study area in this paper (Figure 1 ), and most parts of WRB belong to the Loess Plateau. As the largest tributary of the Yellow River in China, the WRB covers a total area of 13.5 × 10 4 km 2 [48, 49] . The WRB is divided into 4 zones based on the main reach and the tributaries of the Wei River Basin: The upstream (UWR), the middle reaches and downstream (MDWR), the largest tributary (JRB), and the second tributary (BLRB) of WRB. The JRB and BLRB are two ecologically fragile regions of the Loess Plateau in China [50] . Located in the continental monsoon zone, the annual precipitation is approximately 559 mm, and about 60% of annual discharge occurs from June to September. The streamflow is approximately 10.4 billion m 3 , accounting for 17% of the total streamflow of the Yellow River. Topographically, the altitude decreases from the highest northwest mountainous areas to the lowest Guanzhong Plain in the southeast and south portion of the WRB.
Study Data
The hydrological data used in this paper included the daily observed streamflow from the four hydrological stations (Table 1) . These data were acquired from the Bureau of Hydrology of the Yellow River Water Resources Commission covering the 1960-2010 period. The meteorological data (including the daily precipitation, temperature, sunshine duration, wind speed, relative humidity, and actual vapor pressure, among others) from the 21 National Meteorological Observatory (NMO) stations that cover the 1960-2010 period inside the catchment ( Figure 1 and Table 2 ) were obtained from the National Climatic Centre of China (NCC). Potential evaporation data were estimated using the Penman-Menteith method, following the recommendation by the World's Food and Agriculture Organization (FAO) in 1998 [51] [52] [53] . Missing values of precipitation accounted for less than 0.01% of the total data, and were filled using the linear interpolation method. Average areal precipitation and potential evaporation for each controlled basin were estimated using the Thiessen polygon method [54] based on data from the 21 meteorological stations. Additionally, all the meteorological data were aggregated to an annual scale for analysis in this study. The long-term variations in precipitation (P), runoff depth (Q), and annual potential evaporation (E P ) of the four zones from 1960 to 2010 are shown in Figure 2 . Human activities included soil and water conservation measures (e.g., reforestation, grass-planting, terrace, and check-dams), reservoir construction, irrigation, industrialization, and urbanization. The area of soil and water conservation measures, water diversion of canal head and drainage water volume in the irrigation district, reservoirs inflow and outflow, and industrial and daily life water consumption data were collected from the Soil and Water Conservation of the Shaanxi Provincial Bureau and the Ministry of Water Resources. 
The hydrological data used in this paper included the daily observed streamflow from the four hydrological stations (Table 1) . These data were acquired from the Bureau of Hydrology of the Yellow River Water Resources Commission covering the 1960-2010 period. The meteorological data (including the daily precipitation, temperature, sunshine duration, wind speed, relative humidity, and actual vapor pressure, among others) from the 21 National Meteorological Observatory (NMO) stations that cover the 1960-2010 period inside the catchment ( Figure 1 and Table 2 ) were obtained from the National Climatic Centre of China (NCC). Potential evaporation data were estimated using the Penman-Menteith method, following the recommendation by the World's Food and Agriculture Organization (FAO) in 1998 [51] [52] [53] . Missing values of precipitation accounted for less than 0.01% of the total data, and were filled using the linear interpolation method. Average areal precipitation and potential evaporation for each controlled basin were estimated using the Thiessen polygon method [54] based on data from the 21 meteorological stations. Additionally, all the meteorological data were aggregated to an annual scale for analysis in this study. The long-term variations in precipitation ( ), runoff depth ( ), and annual potential evaporation ( ) of the four zones from 1960 to 2010 are shown in Figure 2 . Human activities included soil and water conservation measures (e.g., reforestation, grass-planting, terrace, and check-dams), reservoir construction, irrigation, industrialization, and urbanization. The area of soil and water conservation measures, water diversion of canal head and drainage water volume in the irrigation district, reservoirs inflow and outflow, and industrial and daily life water consumption data were collected from the Soil and Water Conservation of the Shaanxi Provincial Bureau and the Ministry of Water Resources. 
Methodology
The overall methodology used in this study is presented in Figure 3 . First, change point detection of the streamflow time series during 1960-2010 was carried out using the heuristic segmentation method. The period before the change point was less effected by the human activities, and was used as the baseline. We derived the time series of the parameter in the Budyko-type equation using a moving window of 11 years, and examined the relationship between the temporal variations in the parameter with climate factors. Based on the relationship, two simple conceptual methods based on the Budyko hypothesis (decomposition and climate elasticity method) were employed to quantify the impacts of climate change and human activities on streamflow changes. Additionally, the water and soil conservation method was used to separate the impacts of different water and soil measures on runoff decrease [55] [56] [57] [58] .
moving window of 11 years, and examined the relationship between the temporal variations in the parameter with climate factors. Based on the relationship, two simple conceptual methods based on the Budyko hypothesis (decomposition and climate elasticity method) were employed to quantify the impacts of climate change and human activities on streamflow changes. Additionally, the water and soil conservation method was used to separate the impacts of different water and soil measures on runoff decrease [55] [56] [57] [58] . 
Breakpoints Analysis
The heuristic segmentation method was applied to detect the possible change points in this study. For a time series with observations ( ), a sliding point moved step-by-step from left to right along the time series to divide the non-stationary time series into several stationary segments [59] . The averages and standard deviations of the left part of the point are represented by ( ) and ( ) , respectively, while the values of the right part are represented by ( ) and ( ) . The statistical significance of the difference between the two Gaussian-distributed random series ( ) and ( ) was tested by Student's t-test statistic:
where
where and represent the length of the left and right series, respectively. By moving the point along the given time series step-by-step, statistic is calculated to estimate the difference between P, Q and E P P and Q: Observed data 
The heuristic segmentation method was applied to detect the possible change points in this study. For a time series with N observations X(t), a sliding point i moved step-by-step from left to right along the time series to divide the non-stationary time series into several stationary segments [59] . The averages and standard deviations of the left part of the point are represented by µ 1 (i) and s 1 (i), respectively, while the values of the right part are represented by µ 2 (i) and s 2 (i). The statistical significance of the difference between the two Gaussian-distributed random series µ 1 (i) and µ 2 (i) was tested by Student's t-test statistic:
where N 1 and N 2 represent the length of the left and right series, respectively. By moving the point along the given time series step-by-step, statistic t is calculated to estimate the difference between the averages of the right and left time series. A larger T value means a more significant difference in the average values between the left and right time series. The largest T value was taken as the candidate for the cut point. Then, the statistical significance P(T max ) corresponding to the largest T was computed:
where η = 4.19 × ln(N) − 11.54, and δ = 0.40 and v = N − 2 are derived from Monte Carlo simulations, N denotes the length of the original time series, and I x (a, b) is the incomplete beta function. If the difference of the averages is not statistically significant (e.g., P(T max ) is less than a threshold of 0.95), the time series will not be split. Otherwise, the time series will be partitioned into two segments. The iteration of the above procedure on each new segment will continue until the acquired significant value is less than the threshold or the length of the acquired segments is less than the prescribed minimum segment length l 0 (normally set to 25). The long-term water-balance for a given watershed can be expressed as:
where E is actual evaporation (mm) and ∆S is the change in the basin water storage (mm). Budyko [60] proposed a semi-empirical equation for describing the coupled water-energy balance (E P and P were used to measure the available energy and water, respectively) and assumed that the ratio of mean annual evaporation to mean annual precipitation (E/P) is primarily controlled by the ratio of mean annual potential evaporation to mean annual precipitation (E P /P) [61] :
where E/P is the actual evaporation rate and E P /P is the climatic aridity index; In arid regions (E P /P > 1), evaporation is limited by water supply, whereas in humid regions (E P /P < 1), energy supply impedes evaporation. Therefore, the climatic aridity index can be used for reflecting the reciprocity between climate variability, hydrological process, and the ecosystem. Wang and Tang [41] proposed a single-parameter Budyko equation:
where α is controlled by vegetation and rainfall frequency, and can be interpreted as the ratio of initial evaporation ratio (λ = E 0 /W, where E 0 is the initial evaporation, W is the soil wetting) to the Horton index (H = E/W) [62] [63] [64] . α can also be represented as α = E 0 /E from the evaporation perspective. Since E is always greater than E 0 , α ranges from 0 to 1. Setting α to 0 and 1, the lower and upper bound of Wang-Tang equation can be obtained. Specifically, when α = 2 − √ 2 /2, Equation (6) is the same as Fu's equation with ω = 2. The Wang-Tang equation satisfies the boundary conditions: When E P /P → 0, E/P → 0 , when E P /P → ∞, E/P → 1 .
Decomposition Method
Climate change affects runoff by changing the mean annual precipitation (P) and potential evaporation (E P ), whereas direct human activities influence runoff by altering the precipitation proportion between evaporation (E) and runoff (Q). Based on the original Budyko curve and the assumption following the geographic zonality concept, Wang and Hejazi [22] proposed a vertical decomposing method. The method assumes that if the climatic aridity index (E P /P) of a catchment without direct human activities moves to a drier or wetter point due to climate change, the evaporation ratio (E/P) will also move to a new point, but will still follow the same Budyko curve as before. Thus, assuming natural climate change is the only influencing factor, point A (pre-change period) moves to point C (post-change period) along the Budyko curve. If both climate change and direct human activities exert influences in the watershed, point A will shift to point B (post-change period) (Figure 4) . Thus, climate change causes both horizontal and vertical shifts, and direct human interferences only cause a vertical change. For a long-term period, streamflow is a function of the precipitation and evaporation ratio:
The magnitude of direct human-induced impacts on streamflow (∆Q h ) is:
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The contribution of climate change to streamflow (∆Q c ) is:
where Q 1 denotes the observed streamflow in the pre-change period, and ∆Q c plus ∆Q h equals the total change in mean annual streamflow (∆Q) from period 1 to period 2. Both ∆Q h and ∆Q c can be positive or negative. Given the available P, Q and E P data, climate-induced and direct human-induced impacts on streamflow change can be derived.
direct human activities exert influences in the watershed, point A will shift to point B (post-change period) (Figure 4) . Thus, climate change causes both horizontal and vertical shifts, and direct human interferences only cause a vertical change. For a long-term period, streamflow is a function of the precipitation and evaporation ratio:
The magnitude of direct human-induced impacts on streamflow (∆ ) is:
The contribution of climate change to streamflow (∆ ) is:
where denotes the observed streamflow in the pre-change period, and ∆ plus ∆ equals the total change in mean annual streamflow (∆ ) from period 1 to period 2. Both ∆ and ∆ can be positive or negative. Given the available , and data, climate-induced and direct humaninduced impacts on streamflow change can be derived. 
Climate Elasticity Method
Schaake and Waggoner [65] proposed the climate elasticity method to assess the impact of natural climate change on streamflow variations. and are two primary independent climatic variables that are relevant for streamflow. The changes in streamflow can be expressed as:
Based on the elasticity concept ( = ), Equation (10) Water limit
Pre-change period curve
Post-change period curve 
Climate Elasticity Method
Schaake and Waggoner [65] proposed the climate elasticity method to assess the impact of natural climate change on streamflow variations. P and E P are two primary independent climatic variables that are relevant for streamflow. The changes in streamflow can be expressed as:
Based on the elasticity concept (ε X = ∂Q ∂Q ∂X ∂X ), Equation (10) can be rewritten as:
where ε P and ε E P are the precipitation and potential evaporation elasticity, respectively, which can be calculated based on Equation (6):
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Consequently, climate-induced streamflow change can be computed as:
where ∆Q denotes the total change in streamflow caused by the combined effects of natural climate change and human activities, and ∆Q H is the human-induced change. The percentage contributions of climate-induced (∆C%) and human-activities-induced (∆H%) streamflow changes can be computed as follows:
Impacts of Direct Human Activities on Streamflow
Runoff reduction caused by direct human activities (soil and water conservation measures) was computed using the water and soil conservation method [55] [56] [57] [58] . Direct human activities include soil and water conservation measures (e.g., reforestation, grass-planting, terrace, and check-dams), reservoir construction, irrigation, industrialization, and urbanization. Based on field experiments and the influence of different measures on streamflow, the effect of each soil and water conservation measure on runoff was determined. Thus, the individual impacts of different measures on runoff variations were obtained. The runoff reduction caused by reservoirs was calculated as the difference between inflow and outflow of the reservoirs during a period, whereas the impact of irrigation on runoff was the difference between water diversion of canal head and drainage water volume. The industrial and domestic water use induced runoff was the product of the water consumption coefficient and the water consumption. Thus, the ratio of each component to the total was taken as the contribution of each water and soil measure on runoff reduction.
Results
Change Points Analysis
As shown in Figure 5 , the blue solid line depicts the first iteration and segmentation process, while the green dotted line represents the second process. The results show that annual streamflow in UWR (1971 and 1993) , MDWR (1969 and 1993) and JRB (1971 and 1997) are detected with two inflection points by the heuristic segmentation method. Only one change point (1994) is detected in BLRB. It can be seen that the breakpoints in the annual streamflow series in the WRB are mostly concentrated around 1970 and the early 1990s.
It should be noted here that the year 1972 corresponds to occurrence of an El Niño event, which caused substantial atmospheric circulation anomalies in China [66] . As a result, WRB, which is located in the continental monsoon climate zone of China, experienced a sharp drop in precipitation due to the weakness of the western Pacific subtropical high pressure system. Additionally, a series of water soil conservation measures have been implemented in the WRB to address soil erosion since 1970 [24, 67] . Consistent with the above results, 1971 was detected as the change point in annual streamflow series in the WRB, and the study period for the four sub-catchments is divided into two periods correspondingly: The pre-change (1960) (1961) (1962) (1963) (1964) (1965) (1966) (1967) (1968) (1969) (1970) and post-change 
Climatic Aridity Index and Elasticity of Runoff
Based on the long-term mean annual , and , the parameter in the 4 sub-catchments are estimated from Equation (6) using the least squares method (Table 1) . For better illustration, an 11-year moving window is used, and its temporal evolution and linear trend are displayed in Figure  6 . An increase in is observed in the UWR, MDWR and JRB regions, while the BLRB shows a decreasing trend. In the four catchments, the long-term mean annual ranges from 0.77 to 0.81 with an average of 0.79.
According to Figure 7 , we found that all points ( , ⁄ ⁄ ) move right along their fitted Budyko curves from the pre-change period (1960) (1961) (1962) (1963) (1964) (1965) (1966) (1967) (1968) (1969) (1970) to the post-change (1971-2010) in the four subcatchments, indicating that climate conditions in the WRB shifts toward an increasing climate aridity ( ⁄ ). Additionally, from the pre-change period to the post-change period, all points in the four catchments showed upward vertical movements away from the Budyko curve, suggesting that the WRB is becoming drier (increasing ⁄ ) due to enhanced actual evaporation. Climate change affects runoff by changing the mean annual precipitation ( ) and potential evaporation ( ), while direct human activities influence the runoff by altering the precipitation partition between evaporation ( ) and runoff ( ). Over a long-term period, increasing ⁄ would lead to a decrease in streamflow. Thus, climate-induced runoff change and direct human-induced runoff change are negative. That is, climate change and direct human activities have reduced runoff in the WRB. Moreover, we estimated the parameters in the Wang-Tang Budyko equation for the pre-change and post-change periods. The results apparently show that the values of Budyko parameter after breakpoints are higher than that before breakpoints, and the impacts of direct human activities on runoff are increasing in the four catchments. Under the same climate condition ( and ), a higher value of parameter results in higher evaporation rate ( ⁄ ), leading to a lower due to the long-term water-balance equation. Thus, both water and energy balance considerations support the view that streamflow in the WRB is reduced in the post-change period. 
Based on the long-term mean annual Q, P and E P , the parameter α in the 4 sub-catchments are estimated from Equation (6) using the least squares method (Table 1) . For better illustration, an 11-year moving window is used, and its temporal evolution and linear trend are displayed in Figure 6 . An increase in α is observed in the UWR, MDWR and JRB regions, while the BLRB shows a decreasing trend. In the four catchments, the long-term mean annual α ranges from 0.77 to 0.81 with an average of 0.79. According to Figure 7 , we found that all points (E P /P, E/P) move right along their fitted Budyko curves from the pre-change period (1960) (1961) (1962) (1963) (1964) (1965) (1966) (1967) (1968) (1969) (1970) to the post-change (1971-2010) in the four sub-catchments, indicating that climate conditions in the WRB shifts toward an increasing climate aridity (E P /P). Additionally, from the pre-change period to the post-change period, all points in the four catchments showed upward vertical movements away from the Budyko curve, suggesting that the WRB is becoming drier (increasing E/P) due to enhanced actual evaporation. Climate change affects runoff by changing the mean annual precipitation (P) and potential evaporation (E P ), while direct human activities influence the runoff by altering the precipitation partition between evaporation (E) and runoff (Q). Over a long-term period, increasing E/P would lead to a decrease in streamflow.
Thus, climate-induced runoff change and direct human-induced runoff change are negative. That is, climate change and direct human activities have reduced runoff in the WRB. Moreover, we estimated the parameters in the Wang-Tang Budyko equation for the pre-change and post-change periods. The results apparently show that the values of Budyko parameter after breakpoints are higher than that before breakpoints, and the impacts of direct human activities on runoff are increasing in the four catchments. Under the same climate condition (P and E P ), a higher value of parameter α results in higher evaporation rate (E/P), leading to a lower Q due to the long-term water-balance equation. Thus, both water and energy balance considerations support the view that streamflow in the WRB is reduced in the post-change period. According to Equations (12) and (13), the elasticity of streamflow to precipitation and potential evaporation are evaluated and shown in Table 1 . The range of climatic aridity index is 1.46 (MDWR)-1.81 (JRB), with a mean value of 1.62 across all four sub-catchments. In addition, we find that the aridity index in the post-change period is larger than the pre-change period in all regions, which indicates that climatic conditions in WRB have become drier in the study period. In the four subcatchments, the precipitation elasticity and potential evaporation elasticity range from 2.93 to 3.11 (3.02 on average) and −1.93 to −2.11 (−2.02 on average), respectively. This indicates that a 10% increase in would cause 29.3% to 31.1% increase in runoff, respectively, while a 10% increase in EP would decrease runoff by 19.3% to 21.1%, respectively. Obviously, the absolute value of is higher than for the four basins, indicating that streamflow are more sensitive to precipitation than potential evaporation. From Table 1 , we find that and are distinctly different from one basin According to Equations (12) and (13), the elasticity of streamflow to precipitation and potential evaporation are evaluated and shown in Table 1 . The range of climatic aridity index is 1.46 (MDWR)-1.81 (JRB), with a mean value of 1.62 across all four sub-catchments. In addition, we find that the aridity index in the post-change period is larger than the pre-change period in all regions, which indicates that climatic conditions in WRB have become drier in the study period. In the four sub-catchments, the precipitation elasticity ε P and potential evaporation elasticity ε E P range from 2.93 to 3.11 (3.02 on average) and −1.93 to −2.11 (−2.02 on average), respectively. This indicates that a 10% increase in P would cause 29.3% to 31.1% increase in runoff, respectively, while a 10% increase in E P would decrease runoff by 19.3% to 21.1%, respectively. Obviously, the absolute value of ε P is higher than ε E P for the four basins, indicating that streamflow are more sensitive to precipitation than potential evaporation. From Table 1 , we find that ε P and ε E P are distinctly different from one basin to another. High values of precipitation elasticity (ε P > 3.02) and potential evaporation elasticity (ε E P < −2.02) are observed in the MDWR and BLRB, while UWR and JRB have relatively small values. This suggests that runoff changes are highly sensitive to climate conditions in MDWR and BLRB.
Quantitative Attribution of Streamflow Decrease
The period of 1960-1970 was selected as the pre-change period, and the corresponding parameter α values are summarized in Table 1 . The climate-induced and human-induced streamflow changes during 1971-2010 were calculated and displayed in Figure 8 . Both climate and human activities tend to cause a decrease in streamflow in the four study zones using the decomposition and elasticity methods. In particular, for the MDWR, climate change impact is positive during the 1980s. This means that precipitation and potential evaporation changes lead to an increase in streamflow in the 1980-1989 period. It has been documented that temperature has exhibited an increasing change in 1980s [68] , while 1981-1985 is the continuous high flow period of WRB. Thus, climate change caused the enhancement of streamflow during the 1980s period. For all the basins, climate-induced streamflow change peaked in the 1990s, while human-induced streamflow change is larger in 1990s and 2000s than other periods. Thus, it can be concluded that ∆Q C and ∆Q H changes are closely related to the abnormal climate changes in 1990s and the effective implementation of the soil and water conservation measures and ecological restoration projects.
The period of 1960-1970 was selected as the pre-change period, and the corresponding parameter values are summarized in Table 1 . The climate-induced and human-induced streamflow changes during 1971-2010 were calculated and displayed in Figure 8 . Both climate and human activities tend to cause a decrease in streamflow in the four study zones using the decomposition and elasticity methods. In particular, for the MDWR, climate change impact is positive during the 1980s. This means that precipitation and potential evaporation changes lead to an increase in streamflow in the 1980-1989 period. It has been documented that temperature has exhibited an increasing change in 1980s [68] , while 1981-1985 is the continuous high flow period of WRB. Thus, climate change caused the enhancement of streamflow during the 1980s period. For all the basins, climate-induced streamflow change peaked in the 1990s, while human-induced streamflow change is larger in 1990s and 2000s than other periods. Thus, it can be concluded that ∆ and ∆ changes are closely related to the abnormal climate changes in 1990s and the effective implementation of the soil and water conservation measures and ecological restoration projects. According to Table 3 , the contribution rate based on the decomposition method indicates that during the 1971-2010 period, the estimated ∆ accounts for 25~47% of the total streamflow decline, whereas human interferences lead to a 53~75% reduction in streamflow. The contribution rate of human activities estimated with the elasticity method is 64-86% in the four zones, which is a slightly larger than the results obtained with the decomposition method. As mentioned above, human activities influence streamflow through direct and indirect ways. The decomposition method can only allow for estimation of the direct human-induced streamflow change, and thus the results we obtained are credible. Consequently, on average, 71% of streamflow decline is attributed to human interferences, indicating that human activities have exerted more profound effects on streamflow change. Climatic variation such as increase of temperature and potential evaporation and decrease of precipitation have exerted the first-order impact on streamflow before 1970, while human activities played a second-order role in the decrease of streamflow after 1970. Gao et al. [69] reported that, on average, 83% of the streamflow decrease in the WRB was attributed to human activities, which is larger than our estimates. This is because the effects of direct human activities were not separated According to Table 3 , the contribution rate based on the decomposition method indicates that during the 1971-2010 period, the estimated ∆Q C accounts for 25~47% of the total streamflow decline, whereas human interferences lead to a 53~75% reduction in streamflow. The contribution rate of human activities estimated with the elasticity method is 64-86% in the four zones, which is a slightly larger than the results obtained with the decomposition method. As mentioned above, human activities influence streamflow through direct and indirect ways. The decomposition method can only allow for estimation of the direct human-induced streamflow change, and thus the results we obtained are credible. Consequently, on average, 71% of streamflow decline is attributed to human interferences, indicating that human activities have exerted more profound effects on streamflow change. Climatic variation such as increase of temperature and potential evaporation and decrease of precipitation have exerted the first-order impact on streamflow before 1970, while human activities played a second-order role in the decrease of streamflow after 1970. Gao et al. [69] reported that, on average, 83% of the streamflow decrease in the WRB was attributed to human activities, which is larger than our estimates. This is because the effects of direct human activities were not separated from the total human impacts. Consequently, the two Budyko based methods are applicable for revealing the contribution of climate and human activities to streamflow change. 
Discussion
Human activities dominate streamflow change in the WRB. Since 1970, large-scale implementation of soil and water conservation measures (slope measures: Afforestation, grass-planting and level terrace, channel measures: Check-dam) have been undertaken vigorously against soil erosion, which affected runoff process especially with the launch of Central Government's soil conservation policy [24, 70] . Afforestation and grass-planting reduce runoff through intercepting precipitation, increasing evaporation, improving the soil structure and enhancing infiltration [71] . Creation of terraces slow down the slope gradient of cultivated land, thus facilitating the infiltration, and finally reducing runoff velocity [72] . As shown in Figure 9 , in the four zones, soil and water conservation measures have doubled or tripled from 1970 to 1990, especially after the promulgation of the law on soil and water conservation in 1991, then strengthened significantly by 2010. Here, the "water and soil conservation methods" was applied to estimate the particular contribution of different human activities. As shown in Table 4 , streamflow change caused by the slope measures has increased intensively and rapidly over the past decades. It is estimated that afforestation, grass-planting and creation of terrace account for 4.5%, 0.7% and 6.9% of the runoff decrease, respectively, between 1970 and 2010 in the whole WRB. This indicates that creation of terrace is an effective measure to reduce runoff for the whole WRB. For the JRB, terraces are the main influencing factors on streamflow decline, while afforestation plays the most important role in reducing streamflow in the BLRB. Due to of the unstable watershed management strategy in the 1990s, the effect of slope measures on streamflow reduction grew steadily to reach its peak in the late 1990s and then decreased after 2000 for the JRB and BLRB. It should be noted that in 1999, the Central Government has proposed the ecological restoration project "Green for Grain" (GFG). Thus, the significant increase in vegetation coverage could theoretically lead to the strengthening of infiltration and more water is trapped in the soil, resulting in decrease in runoff [73] . However, as the increased seedlings in the new planted forest and grassland are still in its infancy, the effect of increased vegetation on runoff reduction is not significant in 2000s, which implies that the benefit of GFG project on soil erosion control has lag effect.
Water demand has increased sharply with growth of population and economy after the launch of the reform and opening-up policy in 1978, which enhanced the industrial and domestic water consumption in the WRB (Table 4) . As the largest water user, irrigation accounted for 63.6% of the total water withdrawal over the study period in the WRB, although irrigation technology has improved recently. Large amounts of uncultivated land were converted into irrigation areas to meet food demand. As a result, check-dams and reservoirs, which have more direct and positive effects on runoff decline, were constructed extensively in the WRB. The engineering measures affect runoff by peak clipping the flood flow and storing water in the reservoirs during the rainy season and releasing water during the dry season for irrigation and other users. Besides, reservoirs with large storage capacity would increase evaporation, which also affects streamflow decline [74] . By the year 2007, approximately 129 reservoirs with a total storage capacity of approximately 1.67 billion m 3 and 3291 pump projects were built in the WRB [75] . Due to the limited regulation capacity of small reservoirs, the water reduction caused by these reservoirs can be ignored. Here, only large-and medium-sized reservoirs, such as the Yangmaowan, Shitouhe, and Fengjiashan reservoirs, in the mainstream of WRB were considered. Table 4 shows that the most obvious decrease in streamflow by reservoirs and check-dams occurred in the 1970s by 2.0% and 3.4%, respectively, which is consistent with previous analysis that found that a large number of reservoirs and check-dams became gradually ineffective or were destroyed by sediment and floods since 1980s. Consequently, the decreasing effect of engineering measures on streamflow gradually weakened, whereas the effect of slope measures has enhanced. Water demand has increased sharply with growth of population and economy after the launch of the reform and opening-up policy in 1978, which enhanced the industrial and domestic water consumption in the WRB (Table 4) . As the largest water user, irrigation accounted for 63.6% of the total water withdrawal over the study period in the WRB, although irrigation technology has improved recently. Large amounts of uncultivated land were converted into irrigation areas to meet food demand. As a result, check-dams and reservoirs, which have more direct and positive effects on runoff decline, were constructed extensively in the WRB. The engineering measures affect runoff by peak clipping the flood flow and storing water in the reservoirs during the rainy season and releasing water during the dry season for irrigation and other users. Besides, reservoirs with large storage capacity would increase evaporation, which also affects streamflow decline [74] . By the year 2007, approximately 129 reservoirs with a total storage capacity of approximately 1.67 billion m 3 and 3291 pump projects were built in the WRB [75] . Due to the limited regulation capacity of small reservoirs, the water reduction caused by these reservoirs can be ignored. Here, only large-and medium-sized reservoirs, such as the Yangmaowan, Shitouhe, and Fengjiashan reservoirs, in the mainstream of WRB were considered. Table 4 shows that the most obvious decrease in streamflow by reservoirs and check-dams occurred in the 1970s by 2.0% and 3.4%, respectively, which is consistent with previous analysis that found that a large number of reservoirs and check-dams became gradually ineffective or were destroyed by sediment and floods since 1980s. Consequently, the decreasing effect of engineering measures on streamflow gradually weakened, whereas the effect of slope measures has enhanced. 
Conclusions
The hydrological cycle is affected by the changing climate and intensifying human activities. Since the 1960s, annual runoff has exhibited a decreasing trend in the four sub-catchments with an abrupt change point detected in 1971. Thus, the study period was divided into the pre-change period (1960) (1961) (1962) (1963) (1964) (1965) (1966) (1967) (1968) (1969) (1970) and the post-change period . The change in runoff between the two sub-periods was estimated and attributed to the effects of natural climate change and human activities.
In this paper, two attribution methods based on the Wang-Tang equation were introduced to explicitly quantify the relative contributions of climate change and human activities to changes in streamflow between 1960 and 2010. The Budyko parameter in the WRB, which was obtained by the least square method, increased in all the sub-catchments of the WRB except for the BLRB. Runoff changes were more sensitive to climate variations in MDWR and BLRB than UWR and JRB. That is, a geographic difference exists in the climate elasticity in the WRB. For the entire basin, the hydrological responses were more sensitive to precipitation than potential evapotranspiration.
The decomposition method and climate elasticity method consistently showed that the contribution of climate change on streamflow reduction ranged from 14% to 47%, whereas human activities were responsible for 53-86% of the decline. This indicates that human activities have a more profound effect on streamflow variations than climate variation during the post-change period. This study highlights the impacts of specific types of human activity on streamflow changes by using the water and soil conservation method. The results showed that irrigation, industrial and domestic consumption, and terraces were the three major types of direct human activities affecting runoff, which accounted for 92% of the total runoff reduction induced by direct human activities.
This study has considerable implications for water resource planners and managers, through exploring the mechanisms underlying the changing process of hydrological cycle, and quantifying the contributions of various influencing factors on runoff reduction in the WRB. 
